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Edited by Christos StournarasAbstract Cell biological functions of actin have recently ex-
panded from cytoplasm to nucleus, with actin implicated in such
diverse processes as gene expression, transcription factor regula-
tion and intranuclear motility. Actin in the nucleus seems to be-
have diﬀerently than in the cytoplasm, raising new questions
regarding the molecular mechanisms by which actin functions
in cells. In this review, I will discuss dynamic properties of nucle-
ar actin that are related to its polymerization cycle and nucleo-
cytoplasmic shuttling. By comparing the behaviour of nuclear
and cytoplasmic actin and their regulators, I try to dissect the
underlying diﬀerences of these equally important cellular actin
pools.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Actin is perhaps the most multifunctional protein in the
whole cell. It has the exquisite property of existing as mono-
mers or helical ﬁlaments that can be crosslinked to bundles
or networks. Actin dynamics – the coordinated assembly and
disassembly of actin ﬁlaments in response to cellular signalling
– drives several essential cell biological processes including cell
motility, membrane dynamics and cytokinesis. These cytoplas-
mic functions of actin are relatively well characterized. The
presence of actin in the nucleus was ﬁrst suggested almost 40
years ago [1]. However, these early studies were long treated
with scepticism, mainly due to low amounts of actin in the nu-
cleus relative to cytoplasm, the inability to detect actin ﬁla-
ments in the nucleus, and the lack of a speciﬁc function for
actin in this compartment. Recent advances in the ﬁeld, for
example the discovery of a speciﬁc actin export receptor [2]
and improved imaging techniques [3], have unequivocally dem-
onstrated the presence of actin in the nucleus, and functional
studies have implicated actin as an important regulator ofAbbreviations: BDM, 2,3-butanedione monoxime; FRAP, ﬂuorescence
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doi:10.1016/j.febslet.2008.04.010several nuclear processes, including transcription (reviewed in
[4]), chromatin remodelling (discussed in more detail in XX
of this issue) and in regulating transcription factor activity
[5]. However, we still do not understand in molecular detail,
how actin is able to exert these very diﬀerent functions within
the nucleus. Nuclear actin clearly has properties diﬀerent from
the cytoplasmic actin pool, where polymerizing actin ﬁlaments
seem to constitute the ‘‘functional’’ form of actin. In this re-
view, I will discuss recent advances in the nuclear actin ﬁeld,
concentrating on what is known about the dynamic nature
of this actin pool. I will use the knowledge gained from studies
on the cytoplasmic actin dynamics to make an inventory,
which is by no means complete, of proteins and other regula-
tory factors that are present also in the nucleus and that may
therefore play a role in regulating actin and actin-dependent
functions, in this cellular compartment.2. How to get in and out – active or passive nuclear transport
mechanism of actin
Nuclear envelope imposes a barrier between the nuclear and
cytoplasmic spaces that is impermeable to most cellular sub-
stances. The traﬃc between nucleus and cytoplasm takes place
through nuclear pore complexes that form channels through
the nuclear membrane. Two types of traﬃc occur through nu-
clear pores: passive diﬀusion of proteins smaller than 40 kDa
and active, energy-dependent transport, mediated by speciﬁc
transport receptors (reviewed in [6]). In principle, actin could
use either mechanism to enter and exit the nucleus (Fig. 1).
The size of actin (43 kDa) is on the limit of passive diﬀusion
through the nuclear pore, and there are some indications that
actin may use this method to enter the nucleus [7]. Moreover,
actin does not have a classical nuclear localization signal
(NLS), and so far no speciﬁc import receptor for actin has
been reported. However, many actin-binding proteins, such
as coﬁlin [8], CapG [9] and MAL [5] contain an NLS, and these
proteins could ‘‘piggy-back’’ actin into the nucleus. In fact, it
has been suggested that coﬁlin would be required for nuclear
accumulation of actin in response to cellular stress [10]. Never-
theless, it is presently unclear whether coﬁlin or some other ac-
tin-binding protein, functions to mediate active transport of
actin into the nucleus under physiological conditions.
For nuclear export, actin seems to use an active transport
mechanism. Exportin-6, a member of the importin-b superfam-
ily of transport receptors, exports actin out of the nucleus in
complex with proﬁlin which is a small actin monomer-binding
protein [2]. Exportin-6 is capable of exporting most, if not allblished by Elsevier B.V. All rights reserved.
Fig. 1. Regulation of nuclear actin dynamics by actin-binding proteins. A model showing how nuclear actin turnover cycle and nucleocytoplasmic
shuttling may be regulated by actin regulators found in the nucleus. The actin treadmilling cycle (see also XX of this issue) shows how actin
monomers in their ATP-bound form are added to the fast growing plus (or barbed) end of the actin ﬁlament. In the ﬁlament, ATP is hydrolyzed, and
actin monomers in their ADP-bound form are released from the minus (or pointed) end of the ﬁlament. The nucleotide on the actin monomer is then
exchange for ATP, and a new cycle of polymerization can begin. Numbers indicate steps that can be regulated by actin-binding proteins in the
nucleus, see text for details. 1. Actin ﬁlament nucleation by the Arp2/ complex. 2. Actin ﬁlament capping by barbed end capping protein CapG, and
pointed-end capping proteins tropomodulin (Tmod) or emerin. 3. Actin ﬁlament disassembly by ADF/coﬁlins (cof) and gelsolin. 4. Regulation on the
actin monomer pool by proﬁlin, which also promotes nucleotide exchange on actin, and by thymosin-b4 (Thy-b4), which sequesters actin monomers.
5. It is not known if actin ﬁlaments are crosslinked in the nucleus, by, for example ﬁlamin (Fln). 6. Nuclear import mechanism of actin is presently
unclear, and may occur either by passive diﬀusion or by an active import mechanism through nuclear pore complexes (NPC) assisted by actin-
binding protein (ABP) that has not been ﬁrmly identiﬁed to date. 7. Nuclear export of actin is mediated by proﬁlin and exportin-6 (Exp6).
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In lower eukaryotes, Crm1, the general export receptor for car-
gos bearing leucine-rich export signals, might be responsible
for nuclear export of actin [11]. Actin, together with some ac-
tin-binding proteins, seems to be the sole cargo for exportin-6
[2]. This suggests that in higher eukaryotes there is a require-
ment to speciﬁcally regulate nuclear actin levels. Indeed, in
the Xenopus oocyte, exportin-6 levels are down-regulated toallow increased accumulation of actin in the nucleus in order
to provide mechanical support to the enormous nuclei of these
cells. Interestingly, regulation of exportin-6 protein levels is re-
ported to occur post-transcriptionally [7]. In mammalian cells,
increased nuclear actin levels have been reported upon cellular
stress, such as heat shock [12], DMSO treatment [13] and ATP-
depletion [10], as well as upon cellular senescence [14] and dur-
ing certain diseases, such as intranuclear rod myopathy (IRM)
M.K. Vartiainen / FEBS Letters 582 (2008) 2033–2040 2035[15]. Whether these increased nuclear actin levels reﬂect de-
creased activity of exportin-6 or some other defect in nuclear
actin regulation, is presently unknown. Also the functional
role for increased nuclear actin levels under cellular stress re-
mains to be investigated. In the future, it will be interesting
to examine how exportin-6 activity, and thus nuclear actin lev-
els, is regulated in specialized mammalian cell types, and what
signalling pathways are involved in this process.
Since the exact nucleocytoplasmic shuttling mechanism of
actin is not fully characterized, very little is also known about
how the nuclear and cytoplasmic actin pools are connected.
For example, it is not clear how fast actin shuttles in and
out of the nucleus, and if the two actin pools are coordinately
or separately regulated. However, indirect evidence suggests
that communication between cytoplasmic and nuclear actin
pools must exist [5]. Nuclear actin plays a key role in regulat-
ing the activity of MAL, a transcriptional coactivator of serum
response factor (SRF), which regulates the expression of many
cytoskeletal genes in response to changes in actin dynamics.
MAL, which is an actin-binding protein, seems to speciﬁcally
sense changes in the actin monomer pool [16]. Nuclear actin
regulates the localization and activity of MAL and conse-
quently SRF activation in the nucleus. Actin is required for
eﬃcient nuclear export of MAL, and in the absence of stimu-
lation, actin prevents MAL from activating SRF-mediated
transcription within the nucleus. Fo¨rster resonance energy
transfer (FRET) experiments show that MAL and actin inter-
act both in the cytoplasm and in the nucleus, and that this
interaction responds to RhoA-mediated changes in actin turn-
over. If MAL is artiﬁcially conﬁned to the nucleus, MAL-actin
complex still responds to this signalling [5]. This suggests that
either changes in the nuclear actin pool reﬂect changes in the
cytoplasmic one, and therefore the pools are directly and
dynamically connected, or that the nuclear actin pool is subject
to similar signalling pathways as the cytoplasmic one. Future
studies are required to distinguish between these possibilities.
Taken together, actin is exported from the nucleus by an ac-
tive transport mechanism, whereas how actin enters the nu-
cleus in presently unknown, and it could occur either by
passive diﬀusion or by a presently uncharacterized active im-
port mechanism. With this regard, it is interesting to note that
also GFP-actin (70 kDa) is readily detectable in the nucleus
(for example [3]). This and the fact that actin is required for
such central nuclear processes as transcription imply that there
might exist an active mechanism to ensure continuous supply
of actin into the nucleus.3. To polymerize or not to polymerize
The form and function of actin are intimately connected,
and therefore actin researchers obsess about the polymeriza-
tion status of their favourite protein. In order to understand
in molecular detail how actin functions in the nucleus, it is
essential to understand the structural basis of the actin species
present in this cellular compartment. In the cytoplasm, poly-
merized actin may reach concentrations as high as 1 mM at
the leading edge of motile cells. The ratio of ﬁlamentous to
monomeric actin varies from 2:1 to 1:3, depending on the cell
type [17]. In general, actin ﬁlaments or their polymerization
process, are considered as the ‘‘functional’’ form of actin in
the cytoplasm. For example, polymerizing actin ﬁlaments pushthe plasma membrane forward to drive cell protrusion and
hence cell motility. Also myosin-dependent motility, during,
for example muscle contraction, requires ﬁlamentous actin to
serve as tracks for myosin motors. The large actin monomer
pool, on the other hand, is thought mainly to function in pro-
viding building blocks for rapid actin polymerization upon
stimulation. However, it must be remembered that the actin
monomer pool also plays a signalling role in the cell. By regu-
lating SRF activity, the actin monomer pool is involved in con-
trolling expression of many proteins that are themselves
components of the actin cytoskeleton [4].
The polymerization status of actin in the nucleus has been
subject to debate, and this has been one of the main reasons
why the existence of nuclear actin has been considered with
scepticism. In most cells, nuclear actin cannot be stained with
phalloidin, which recognizes actin ﬁlaments with at least seven
actin subunits [18], and which is the most common method to
detect actin ﬁlaments in the cytoplasm. Moreover, certain anti-
bodies raised against speciﬁc forms of actin monomers recog-
nize nuclear actin very strongly. These include antibodies
raised against the proﬁlin–actin complex [19] and the ‘‘low-
er-dimer’’ of actin [20]. These observations raised the idea that
actin in the nucleus would be mainly monomeric, form short
oligomers or exist in specialized conformations (reviewed in
[21]).
Despite the lack of phalloidin staining in the nucleus, there
are indications that polymerized actin exists within the nu-
cleus. Depolymerisation of actin ﬁlaments by the actin mono-
mer-sequestering drug Latrunculin has been reported to inhibit
several nuclear actin-dependent functions, including export of
RNA and protein [22], nuclear envelope assembly [23], tran-
scription [3] and transcription-induced interchromosomal
interactions [24]. This indirect evidence from functional studies
implies that actin must be in polymerized form in order to fulﬁl
at least some of its nuclear functions. Increasing actin levels in
the nucleus seems to induce formation of phalloidin-stainable
actin ﬁlaments, but their form appears to depend on the cell
type. On the one hand, in the Xenopus oocyte, which displays
increased nuclear actin levels due to down regulation of expor-
tin-6 activity, a highly organized phalloidin-stainable actin
meshwork can be visualized [7]. On the other hand, under
some special circumstances nuclear actin forms phalloidin-
stainable rod-like aggregates in several diﬀerent cell types.
These actin rods or bars have been associated with cellular
stress, and can be observed upon DMSO-treatment [13], heat
shock [12], cytoskeletal disruption and ATP depletion [10,15].
It is not clear if actin rods formed by all these treatments are
similar. Also in IRM, which is a muscle disorder caused by
mutations in the skeletal a-actin gene, actin forms phalloi-
din-stainable rods in the nucleus. These IRM rods are
dynamic, and they also contain the actin crosslinking protein
a-actinin [15]. The molecular mechanisms, as well as signalling
pathways that are aﬀected upon cellular stress to induce for-
mation of these actin rods have not been characterized. How-
ever, the small actin monomer-binding protein coﬁlin seems to
be required for the rod formation at least upon Latrunculin B
treatment and ATP-depletion, perhaps to mediate the nuclear
import of actin [10]. It may be that the rod formation is an
indirect consequence of increased nuclear actin levels, possibly
due to decreased exportin-6 activity. The physiological func-
tion for actin rod formation is not obvious. It has been specu-
lated that actin rods, which can also form in the cytoplasm,
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cellular energy, in order to save cellular resources in stress sit-
uations (reviewed in [25]). At least in IRM, the nuclear actin
bars impair cell function, and the cells exhibit decreased mito-
tic index [15]. In my opinion, the most convincing evidence to
date demonstrating the presence of actin ﬁlaments within the
nucleus of ‘‘normal’’ cells comes from a recent microscopy
study by McDonald et al. [3]. In this elegant study, ﬂuores-
cence recovery after photobleaching (FRAP) experiments re-
vealed a low mobility species of actin in the nucleus. By
using actin-binding drugs, actin mutants and ﬂuorescent actin
ﬁlament-binding proteins, this fraction was shown to corre-
spond to polymerized actin. Based on these studies, 20% of nu-
clear actin was estimated to exist in ﬁlamentous form, and its
dynamic properties appeared very similar to unbundled actin
ﬁlaments in the cytoplasm, showing high turnover rates [3].
We still need to continue obsessing about the form of nucle-
ar actin. Phalloidin still stains the nucleus of only speciﬁc cell
types [7], but FRAP experiments in ‘‘normal’’ cells (HeLa) sug-
gest the presence of nuclear actin ﬁlaments [3]. How can these
results be consolidated? A likely explanation is that there are
actin ﬁlaments in the nucleus, but their concentration in nor-
mal cells is lower than in the cytoplasm, and as has been sug-
gested, they may also be relatively short and highly dynamic.
These individual ﬁlaments, especially if they are not bundled
to higher order structures, might escape the detection by phal-
loidin using conventional ﬂuorescence microscopy. Moreover,
if actin ﬁlaments are decorated by proteins such as by ADF/
coﬁlin, they cannot be stained with phalloidin [26]. The unique
conditions in the nucleus may also interfere with standard
labelling and sample preparation techniques, and specialized
protocols may be required to aid the visualization of actin ﬁl-
ament structures within this compartment. Actin undoubtedly
has the capacity to form ‘‘standard’’ actin ﬁlaments in the nu-
cleus, but we clearly need to develop new tools in order to be
able to visualize them and to study their dynamic properties.4. Regulation of actin polymerization in the nucleus by actin-
binding proteins
Although the exact form of actin in the nucleus is still not
clear, it seems obvious that its properties are diﬀerent from
the cytoplasmic actin pool, with the most prominent distinc-
tion being the lack of clearly discernable actin ﬁlaments. The
diﬀerences between these two cellular compartments could
arise through several mechanisms. First of all, in most cells ac-
tin is clearly less abundant in the nucleus than in the cyto-
plasm. Based on kinetic measurements and computer
simulations, it has been estimated that the exportin-system
could deplete the nuclear actin levels down to 1% of the cyto-
plasmic actin concentration [27]. This would suggest nuclear
actin concentrations in the low micromolar range. This low ac-
tin concentration may partly explain why actin ﬁlaments are
not readily detected in the nucleus. Also observations that
increasing actin levels in the nucleus often leads to appearance
of ﬁlamentous actin [10,12,13] would support the notion that
actin concentration might be one of the limiting factors pre-
venting actin polymerization.
Micromolar actin concentration is still above the critical
concentration (0.2 lM) for actin polymerization. Moreover,
nucleus contains numerous proteins that, at least in the cyto-plasm, are devoted to regulating actin dynamics (see Fig. 1).
Therefore, another issue that could result in diﬀerent proper-
ties of nuclear actin compared to cytoplasmic actin is the avail-
ability of these regulatory proteins. In cells, there are over 60
classes of actin-binding proteins. This large repertoire ensures
the spatially and temporally coordinated formation of complex
three-dimensional actin structures in cells. Diﬀerences in the
regulation of the actin turnover cycle (reviewed in [28]), which
is discussed in detail elsewhere in this issue (see XX), could in
principle account for the diﬀerences observed in actin behav-
iour in the nucleus. Key steps during the assembly of actin ﬁl-
ament structures are: formation of new actin ﬁlaments,
regulation of their polymerization, disassembly of oldﬁlaments
and crosslinking of ﬁlaments to form higher order structures.
Inside the nucleus, the polymerization/depolymerization
equilibrium may be leaning more towards actin depolymeriza-
tion or reduced polymerization/nucleation than in the cyto-
plasm.
In cells, actin assembly factors help to overcome the other-
wise unfavourable initiation of new actin ﬁlaments. Arp2/3 is
a stable complex of two actin-related proteins (Arps) and ﬁve
novel subunits. It catalyzes the formation of branched actin ﬁl-
ament arrays that are prominent at, for example the leading
edge of motile cells [28], for details see also XX of this issue.
Arp2/3 complex has also been localized to the nucleus, where
it seems to directly interact with RNA polymerase II and par-
ticipate in transcription [29]. Also N-WASP, an activator of
Arp2/3 [28], has been implicated in transcription as a linker be-
tween the PSF–NonO complex and RNA polymerase II.
Induction of actin polymerization through this N-WASP–
Arp2/3 complex pathway appears to be required for eﬃcient
mRNA synthesis [30]. Furthermore, Arp2/3 complex activity
is also required for reorganization of nuclear territories that
accompanies nuclear receptor activation-induced interchromo-
somal interactions [24]. However, the molecular details of
these processes are unclear. Dendritic actin branches have
not been visualized in the nucleus, but in principle, nucleus
has the all the components to nucleate the formation of actin
ﬁlaments using this pathway. This idea is also supported by
the observation that viruses, such as baculovirus, use WASP-
like proteins to activate Arp2/3-mediated actin polymerization
within the nucleus to enable virus replication [31]. Certain
pathogens therefore seem to hijack both the cytoplasmic and
the nuclear actin cytoskeletons to facilitate diﬀerent steps of
their infection cycle. In the future it will be interesting to deter-
mine whether Arp2/3 complex nucleated ﬁlaments also partic-
ipate in other nuclear actin-dependent processes, or whether
other actin assembly factors, such as formins or Spire-like pro-
teins, contribute.
Actin ﬁlament polymerization can be controlled by regulat-
ing the availability of ﬁlament ends, and by modulating the
size and dynamics of the actin monomer pool [28]. CapG, a
calcium-dependent barded end capping protein, is imported
into the nucleus in a regulated manner by importin-b, and its
nuclear localization appears to promote cell invasion [9]. Also
pointed-end capping proteins tropomodulin and emerin have
their own nuclear speciﬁc functions. E-tropomodulin, which
constantly shuttles in and out of the nucleus, may play a role
during myogenic diﬀerentiation [32], whereas emerin is a com-
ponent of the nuclear lamina, and may therefore anchor actin
ﬁlaments to the inner nuclear membrane [33]. It is currently
unclear whether these proteins participate in regulation of ac-
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actin monomers whose concentration greatly exceeds the
critical concentration for actin polymerization. This unpoly-
merized actin monomer pool is essential for the fast actin
elongation rates observed for example at the leading edge of
a motile cell. Consequently cells contain numerous proteins
that regulate the size and polymerization properties of the
actin monomer pool (reviewed in [34]). Again, many
actin monomer-binding proteins are also localized to the
nucleus. Thymosin-b4 is a small protein that sequesters actin
monomers and prevents their polymerization. It also localizes
to the nucleus, and may therefore be one of the factors
that limit actin polymerization within this compartment.
Despite its small size (5 kDa), thymosin-b4 might require
an active import mechanism to enter the nucleus [35], and
its nuclear localization has been reported to be regulated by
the DNA mismatch-enzyme hMLH1 [36]. Proﬁlin is a small
actin monomer-binding protein that functions as the co-export
receptor for actin in the nucleus [2], as discussed above.
Biochemically proﬁlin enhances the nucleotide exchange on
actin monomers and therefore promotes the formation of
ATP-actin from ADP-actin. Proﬁlin inhibits the spontaneous
nucleation of actin ﬁlaments, but in the presence of free
barbed ends, it promotes actin ﬁlament assembly [28]. In this
regard, it is interesting that exportin-6 acts to speciﬁcally pump
this highly polymerizable proﬁlin–actin complex out of the
nucleus [2]. This may be the most relevant mechanism to limit
excess actin polymerization in the nucleus, and evidence for
this exists also in vivo [7]. Nuclear processes in which proﬁ-
lin has been implicated include pre-mRNA splicing [37] and
regulation of Myb-related transcription factor p42POP [38]. It
will be interesting to determine how the actin-binding activi-
ties of proﬁlin impinge on these nuclear processes. Also cy-
clase-associated protein-2 (CAP2), which is believed to
function in recycling actin monomers in conjunction with coﬁ-
lin and proﬁlin [39], has been localized to the nucleus [40], but
its function in this cellular compartment has not been deter-
mined.
Removal of unwanted actin ﬁlaments is equally important as
their formation, and this process acts to replenish the actin
monomer pool for additional rounds of polymerization. Re-
moval of ﬁlament structures may occur either by severing or
by depolymerisation. In cells, these tasks are performed by
ADF/coﬁlin and gelsolin proteins. ADF/coﬁlin binds both ac-
tin monomers and ﬁlaments, and severs ﬁlaments as well as en-
hances their depolymerisation [28]. ADF/coﬁlin is one of the
few proteins that have been shown to interact directly with ac-
tin in the nucleus using FRET. This study concluded that there
might be more coﬁlin in complex with actin in the nucleus than
in the cytoplasm [41]. Whether this has consequences for the
regulation of nuclear actin dynamics remains to be investi-
gated. Gelsolin belongs to the gelsolin/villin superfamily of
proteins that are composed of either three or six actin-binding
segments, and some also have additional domains. The bio-
chemical activities of these proteins range from severing and
capping to bundling of actin ﬁlaments. Several members of this
family, including gelsolin, ﬂightless I and supervillin, have been
detected in the nucleus, and intriguingly many of them seem to
function as transcriptional coactivators of nuclear hormone
receptors, such as androgen and glucocorticoid receptors (re-
viewed in [42]). Availability of actin monomers has been re-
ported to aﬀect supervillin modulated transactivation ofandrogen receptor [43], but otherwise it is not clear how actin
contributes to regulation of these proteins in the nucleus, and
vice versa.
In the cytoplasm, many actin ﬁlaments are crosslinked to
bundles, such as stress-ﬁbers, or to networks, like the cortical
actin meshwork. This crosslinking process is essential for the
generation of complex three-dimensional actin structures with
mechanical properties suitable for force production. Actin
bundles, except under certain conditions, cannot be readily de-
tected in the nucleus. However, many actin-bundling proteins
localize to the nucleus. These include a-actinin, ﬁlamin, ﬁm-
brin/plastin and many spectrin-repeat containing proteins
(for review see [44]). Why these proteins do not seem to bundle
actin ﬁlaments within the nucleus is not obvious. It is possible
that their activity is inhibited by speciﬁc signals, but this re-
mains to be investigated. Very diverse nuclear functions have
been associated with actin crosslinking proteins, ranging from
transcription factor regulation to DNA repair [44].5. Signalling to the nuclear actin cytoskeleton
Numerous signalling pathways regulate the above men-
tioned actin-binding proteins, which in turn control the deli-
cate changes in the actin polymerization equilibrium.
Therefore, diﬀerential distribution of signalling pathway com-
ponents could also result in diﬀerences between nuclear and
cytoplasmic actin pools. This topic has not yet been experi-
mentally explored in terms of nuclear actin regulation. How-
ever, nucleus contains several signalling molecules, including
phosphoinositides, Ca2+ and small GTPases, all of which have
well-characterized eﬀects on actin dynamics in the cytoplasm.
There are also indications that these signalling pathways may
be separated from their cytoplasmic counterparts, which
would allow for the generation of compartment-speciﬁc sig-
nals. Phosphoinositides (PIs) are major regulators of actin
dynamics in the cytoplasm. They often act to induce localized
actin polymerization, by both activating proteins that promote
actin assembly, and by inhibiting the activity of proteins that
disassemble actin ﬁlaments. For example, PIs activate N-
WASP-Arp2/3 complex-induced actin ﬁlament nucleation,
and inhibit the actin-binding activity of coﬁlin (reviewed in
[45]). Most enzymes controlling the PI metabolism also reside
in the nucleus, but the nuclear PI cycle appears to be indepen-
dent of the cytoplasmic one, and may therefore be regulated in
a separate manner. Nuclear PIs have been implicated in a num-
ber of cellular responses, including proliferation, diﬀerentia-
tion, neoplastic transformation and DNA repair (reviewed in
[46]), but the downstream targets of the nuclear PIs have re-
mained poorly characterized. It is tempting to speculate that
nuclear actin-binding proteins constitute targets for PI signal-
ling, and allow regulation of actin-dependent nuclear processes
via this pathway. Indeed, Brg1, the ATPase unit of the SWI/
SNF-like chromatin remodelling complex BAF, is an actin-
binding protein whose function seems to be regulated by PIs.
PI(4,5)P2 modulates the actin-binding activity of Brg1, and en-
hances the binding of the BAF complexes to chromatin [47,48].
Hence, PIs may function to localize actin-binding proteins
within the nucleus. In this regard it is interesting to note that
PI(4,5)P2, and many enzymes involved in PI metabolism seem
to localize to nuclear speckles, also known as interchromatin
granule clusters [46]. Recent ﬁndings indicate that these sites
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transcriptional activation, a process that incidentally is depen-
dent on actin dynamics [24]. Future studies should illustrate
whether PI-signalling also in this context acts to localize ac-
tin-dependent nuclear processes to speciﬁc nuclear sites.
The activities of several actin-binding proteins, including
many members of the gelsolin/villin family, are regulated by
Ca2+ [42]. Cytosolic Ca2+ is a versatile secondary messenger
that regulates many essential cellular processes, but evidence
has also accumulated for a role of Ca2+ in the nucleus. Nuclear
Ca2+-signalling may occur by passive diﬀusion of Ca2+ from
the cytoplasm, but another source may be the nuclear enve-
lope, which is continuous with the endoplasmic reticulum.
Also inositol 1,4,5-trisphosphate, which generally acts to re-
lease Ca2+-stores, is produced in the nucleus, possibly allowing
nuclear speciﬁc Ca2+-signalling (reviewed in [49]). Nuclear
localization has also been reported for several small GTPases
of the Rho family (reviewed in [50]), but their possible func-
tions in this compartment have not been signiﬁcantly explored.
Also some known downstream eﬀectors of Rho GTPases, such
as LIM kinases (LIMK) [51], which phosphorylate and inacti-
vate coﬁlin, localize to the nucleus. Hence, both Ca2+ and Rho
GTPase signalling pathways may contribute to regulation of
the nuclear actin cytoskeleton.6. From form to function
As mentioned above, we still do not understand the struc-
tural properties of actin in the nucleus, and this hampers our
attempts to envision how actin may participate in the numer-
ous nuclear functions to which it has been associated. Nucleus
and cytoplasm have their separate functions, but both com-
partments also share similar, basic processes, such as shape
regulation, intracompartment transport and organization.
Hence, one could imagine that actin might have both similar
and distinct roles in these two cellular compartments. The sim-
ilar roles could require actin polymerization similarly as in the
cytoplasm. However, the nuclear speciﬁc functions of actin are
related to diﬀerent steps of gene expression, such as transcrip-
tion, chromatin remodelling and pre-mRNA splicing, which
are all functionally linked to each other. These processes are
performed by large protein complexes, and perhaps the func-
tion of actin in these complexes is not dependent on its poly-
merization properties, but on some other functional features,
which are not generally utilized in the cytoplasm.
One analogous function performed by actin in both com-
partments could be structural support. One of the main func-
tions of actin in the cytoplasm is to support the plasma
membrane and enable its movements, and this is achieved by
the cortical actin meshwork that is intimately connected to
the plasma membrane. Actin has been suggested to interact di-
rectly with enaptin [52] and nuance [53], which are nuclear
membrane proteins, and with emerin [33] and protein 4.1
[23,54], which are components of the nuclear lamina that
underlies the inner nuclear membrane, and provides both
structural support and organization to the nucleus, and plays
important roles in regulating gene expression. However, an
intranuclear supportive actin ﬁlament meshwork has only been
convincingly visualized in the Xenopus oocyte, where it also
has been shown to contribute to the mechanical properties of
these huge nuclei [7]. Therefore, although actin has all theproperties to play a structural role in the nuclei, it remains
to be investigated if this function is physiologically relevant
in only a subset of specialized cell types. Another fundamental
function of actin is to provide the driving force for motility,
both at the cellular, and at the organism levels. Two forms
of actin-based motility exist: actin polymerization-driven and
actomyosin-based motilities. In principle, both of these could
occur in the nucleus. Actin has been implicated in the move-
ment of chromosomal loci inside the nucleus. Transcriptional
activity seems to correlate with the positioning of chromo-
somal sites within the nucleus, and interference with actin
polymerization has been reported to hamper the movement
of reporter loci [24,55,56]. Actin-based movement of DNA
may be an ancient process, since also bacterial actin-like pro-
teins have been implicated in the segregation of bacterial chro-
mosomes and plasmids (reviewed in [57]). Mammalian cell
nuclei contain several myosin isoforms, including nuclear
myosin I and myosin VI, which both may play a role during
transcription [58,59]. Myosin inhibitor 2,3-butanedione
monoxime (BDM), inhibits the long range movement of chro-
mosomal sites [55], as well as the dynamic movement of a sub-
set of promyelocytic leukemia (PML) nuclear bodies, which
are associated with many nuclear functions [60]. Moreover, a
recent study demonstrates that interchromosomal interactions
upon estrogen receptor activation require actin dynamics,
Arp2/3 complex and nuclear myosin I activity, as well as also
dynein light chain-1 [24]. In the future, it will be interesting to
determine how the actin-dependent motility machinery is cou-
pled to its diﬀerent nuclear cargos, and how these processes are
orchestrated in molecular detail.
The possible molecular mechanism by which actin functions
in transcription has been recently extensively reviewed (see for
example [4]), and the role of actin in chromatin remodelling is
discussed in detail elsewhere in this issue (see XX). Suﬃce to
say that these nuclear functions of actin may use novel, previ-
ously uncharacterized, properties of actin that might not nec-
essarily rely on its polymerization properties. Actin may, for
example perform a structural role in some of these macromo-
lecular structures. There are indications that at least in some
chromatin remodelling complexes, such as the BAF-complex
[47] this might indeed be the case. Actin is a protein that pos-
sibly has the largest number of binding partners in the cell, and
it may therefore be an ideal candidate to act as a ‘‘platform’’
protein, bringing functional complexes together to orchestrate
complex biological processes, such as coupling of transcription
and chromatin remodelling. Actin, and maybe its interaction
with myosins, may also be involved in conformational changes
in these complexes. The notion that also myosins participate in
gene expression, has evoked models where the actomyosin
interaction would be involved in moving the complexes on
DNA [59]. This would require however, that actin and myosin
would be anchored to create force as a motor unit. Moreover,
the RNA polymerase is itself a motor capable of moving along
DNA (reviewed in [61]), and therefore it is not clear how the
actomyosin motor would beneﬁt this process. Nevertheless, a
recent study suggests that both the motor activity of nuclear
myosin I and the polymerization capacity of actin would be re-
quired for transcription by RNA polymerase I [62]. In the
future, the main question clearly is which form of actin is pres-
ent in these complexes, and which functional properties of
actin are required to fulﬁl its role within these nuclear machin-
eries.
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Our knowledge of nuclear actin has expanded considerably
during the past few years, and during this time nuclear actin
has been promoted from an ‘‘artefact’’ to an important regula-
tor of several nuclear processes. However, compared to cyto-
plasmic actin, we still know very little about the basic
properties of nuclear actin. Dynamic behaviour of the nuclear
actin pool is clearly one of the main issues that we need to ad-
dress in order to understand in molecular detail how actin reg-
ulates for example gene expression. Development of tools to
speciﬁcally manipulate actin in the nucleus would greatly aid
these studies, but to achieve this, we ﬁrst need to identify the
players involved. Consequently, another key question is the
role of actin-binding proteins in the nucleus.
If we start from the assumption that the low amounts of nu-
clear actin are suﬃcient to explain the diﬀerential polymeriza-
tion properties of this actin pool compared to the cytoplasmic
one, it is very diﬃcult to comprehend why nucleus clearly con-
tains a complete repertoire of actin-binding proteins that could
mediate spatial and temporal regulation of actin dynamics also
in this cellular compartment (Fig. 1). Future studies comparing
the roles of these proteins, and signalling pathways regulating
their activities, in the cytoplasmic and nuclear compartments
are required to elucidate the possible diﬀerences, and to ex-
plain the distinct natures of the actin cytoskeletons in these cel-
lular parts. A promising technique to aid these studies might be
FRET, which can be used to study protein interactions in vivo,
and which has already been applied to study the MAL-actin
[5], and coﬁlin–actin [41] interactions inside the nucleus. It
seems that many actin-binding proteins have evolved nucle-
ar-speciﬁc functions that seem unconnected to their cytoskele-
tal tasks. Therefore, besides elucidating how actin-binding
proteins regulate nuclear actin dynamics, it will be interesting
to determine if actin plays any role in regulating these actin-
binding proteins, and nuclear processes dependent on them.
The actin cytoskeleton is a target of numerous signalling path-
ways, and therefore carries a lot of information about the sig-
nalling status of the cell. MAL uses ﬂuctuations in the actin
monomer pool to regulate SRF activity [16], and I ﬁnd it likely
that also other proteins respond to changes in the actin equilib-
rium to regulate nuclear processes. An open mind might be
useful when we are continuing our studies on nuclear actin.
It is possible that in the nucleus actin uses features that are
not commonly engaged in the cytoplasm. Therefore, by study-
ing nuclear actin, we might learn yet new tricks employed by
our old friend actin.
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